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The nucleotide-binding domain and leucine-rich
repeat-containing (NLR) family proteins recognize
pathogen-derived molecules and trigger immune
responses in both plants and animals. In plants, the
direct or indirect recognition of specific pathogen
effectors by NLRs culminates in a hypersensitive
response (HR) and the production of reactive oxygen
species (ROS), key components of the plant defense
response. However, the molecules activated by
NLRs and how they induce immune responses are
largely unknown. We found that the rice GTPase Os-
Rac1 at the plasma membrane interacts directly with
Pit, an NLR protein that confers resistance to the rice
blast fungus. OsRac1 contributes to Pit-mediated
ROS production as well as the HR and is required
for Pit-mediated disease resistance in rice. Further-
more, the active form of Pit induces the activation
of OsRac1 at the plasma membrane. Thus, OsRac1
is activated by Pit during pathogen attack and plays
a critical role in Pit-mediated immunity in rice.
INTRODUCTION
Plants have evolved a two-branched system of innate immunity
to prevent the invasion of pathogens. The first line of defense
employs receptors that detect nonspecific pathogen-associated
molecular patterns (PAMPs) (Chisholm et al., 2006; Jones and
Dangl, 2006). In response, pathogens have evolved effector
molecules to evade PAMP-triggered immunity (PTI). If a path-
ogen evades this line of defense, it must overcome a second
line of defense to become pathogenic. This defense system is
termed effector-triggered immunity (ETI) (Chisholm et al., 2006;
Jones and Dangl, 2006). Although it relies solely on germline-en-
coded molecules, ETI provides a remarkable level of disease
resistance that rivals both the specificity and the range of362 Cell Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inmammalian adaptive immunity. ETI is triggered by disease resis-
tance (R) proteins, which act as intracellular receptors for the
direct or indirect recognition of specific pathogen effectors
(also called avirulence [Avr] proteins). R protein-mediated
disease resistance results in strong host responses, often culmi-
nating in a hypersensitive response (HR) and the production of
reactive oxygen species (ROS) (Heath, 2000). The biphasic
production of apoplastic ROS, the so-called ‘‘oxidative burst,’’
is a hallmark of successful recognition of plant pathogens and
a key component of the plant defense response during an incom-
patible interaction.
Most R proteins belong to the nucleotide-binding domain (NB)
and leucine-rich repeat (LRR)-containing gene family (NLR, also
called NB-LRR), whose members display a tripartite domain
architecture consisting of an N-terminal variable region (VR),
a central NB domain, and C-terminal LRRs. The NB domain is
part of a larger domain called NB-ARC (ARC: APAF-1, certain
R gene products and CED-4). NLR family proteins are conserved
and act as intracellular immune sensors in diverse organisms
ranging from plants to animals. Animal NLR proteins such
as Nod1 and Nod2 generate inflammatory responses and
play important roles in innate immunity. Some signaling compo-
nents downstream of these intracellular receptors are also
conserved from plants to animals; both types of receptors
require (co-)chaperones containing HSP90 and SGT1 for their
immune responses (da Silva Correia et al., 2007; Mayor et al.,
2007; Shirasu, 2009).
In animals, the N-terminal VR of the NLR proteins is involved in
binding to and activating downstream signaling proteins. In
plants, several lines of evidence suggest that the N-terminal
VR of most NLR family R proteins participates in indirect path-
ogen recognition. It is likely that some functions of these
N-terminal VRs differ between plants and animals (DeYoung
and Innes, 2006; Lukasik and Takken, 2009). The strong HR
immune response can be induced by the coiled-coil (CC) domain
and NB-ARC fragments (CC-NB-ARC) of the NLR family
R proteins RPS2 and RPS5 (Ade et al., 2007; Tao et al., 2000),
whereas the Toll/interleukin-1 receptor (TIR) domain and the
NB-ARC fragments (TIR-NB-ARC) of NLR family R proteins
RPS4 and RPP1A are sufficient to induce HR (Michael Weaverc.
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NB fragment of the potato NLR family R protein Rx induces HR
(Rairdan et al., 2008). These and other results indicate that the
NB-ARC domain of NLR family R proteins serves as a platform
leading to downstream signal transduction events (Lukasik and
Takken, 2009; Takken et al., 2006). In plants, it remains largely
unknown which signal transducers transmit the signals from
NLR family R proteins to trigger immune responses such as
the HR and ROS production. To gain a deeper understanding
of howNLR family R proteins regulate plant defenses, it is essen-
tial to identify the partners that interact with the NB-ARC domain
(Takken and Tameling, 2009).
The Rac family (also known as Rop family) belongs to the Ras
superfamily of small GTPases. Like other small GTPases, the
Rac family works as a molecular switch by cycling between
a GDP-bound inactive and a GTP-bound active form in cells.
The Rac family is one of the most important regulators of signal
transduction in plants. It participates in pathways that influence
growth and development and the adaptation of plants to various
environmental situations (Berken, 2006). The Rac family also
contributes to innate immunity in rice, barley, and other species
(Berken, 2006). We have shown that the Oryza sativa Rac family
protein OsRac1 forms a complex termed defensome with
various downstream proteins, including a signaling protein, Os-
MAPK6, a lignin biosynthesis protein, OsCCR1, a scaffolding
protein, OsRACK1, and four cochaperone proteins, RAR1,
SGT1, Hsp90, and Hop/Sti1, and thereby regulates phytoalexin
production, lignin biosynthesis, and the transcription of patho-
genesis-related genes (Chen et al., 2010a; Kawasaki et al.,
2006; Lieberherr et al., 2005; Nakashima et al., 2008; Ono
et al., 2001; Thao et al., 2007). OsRac1 also plays a dual role in
the induction of ROS production through direct interactions
with NADPH oxidases and the suppression of the ROS scav-
enger OsMT2b (Kawasaki et al., 1999; Moeder et al., 2005;
Wong et al., 2007; Wong et al., 2004). OsRac1-induced immune
responses result in cell death as well as disease resistance
against rice blast fungus, rice bacterial blight, and tobacco
mosaic virus (Kawasaki et al., 1999; Moeder et al., 2005; Ono
et al., 2001). Thus, OsRac1 seems to be a key regulator in plant
innate immunity. However, the molecular mechanisms by which
OsRac1 is activated in innate immunity remain largely unknown.
In this paper, we show that OsRac1 interacts with the NB-ARC
domain of Pit, an NLR family R protein that confers resistance to
rice blast fungus. OsRac1 forms a complex with Pit at the plasma
membrane in rice protoplasts. Furthermore, OsRac1 is required
for Pit-mediated resistance to rice blast fungus. We also devel-
oped a Fo¨rster resonance energy transfer (FRET) sensor for plant
cells to demonstrate that OsRac1 is activated by Pit at the
plasma membrane. This activation plays an important role in
Pit-mediated immune responses.
RESULTS
Interaction between OsRac1 and NLR Family Proteins
In searching for OsRac1-interactingmolecules by affinity column
chromatography, we have recently identified five NLR family
proteins, which we named OsRac1-interacting NLR family
(Orin) proteins 1–5 (Nakashima et al., 2008) (Figure S1 available
online). All Orins have a central NB-ARC domain and aCellC-terminal LRR domain; thus, they resemble structurally other
known NLR family R proteins. As a first step toward elucidating
the role of OsRac1 in defense signaling mediated by NLR family
R proteins in rice, we performed in vitro binding assays to
examine the interaction between OsRac1 and Orin1; we used
lysates of Escherichia coli cultures expressing NLR proteins in
these assays because it proved technically difficult to purify
intact NLR proteins (data not shown). Glutathione S-transferase
(GST) fusion proteins containing the nucleotide-free (NF), the
inactive GDP, and the active GTP form of OsRac1 were sepa-
rately immobilized on glutathione Sepharose 4B. The
immobilized GST-OsRac1 proteins were incubated with E. coli
lysate expressing full-length Orin1 protein (Orin1 WT). After
washing, the bound proteins were eluted with SDS sample
buffer. Orin1 WT interacted with both the inactive GDP and the
active GTP form of OsRac1, but not with GST, NF-OsRac1, or
the active GTP form of HsRas, a member of another subfamily
of small GTPases from humans (Figure 1A).
To identify the OsRac1-binding region in Orin1, we performed
yeast two-hybrid assays. A constitutively active form of OsRac1
(CA-OsRac1) lacks endogenous GTPase activity and therefore
sustains the active GTP in cells (Berken and Wittinghofer,
2008). CA-OsRac1 interacted with the NB-ARC (amino acids
[aa] 141–530) domain of Orin1, but not with the N-terminal (aa
1–140) or the LRR (aa 531–894) domains (Figures 1B and 1C).
Thus, Orin1 directly interacts with OsRac1 through its NB-ARC
domain. Next, we compared the binding affinity of OsRac1
mutants for the NB-ARC domain of Orin1 and found that wild-
type (WT)-OsRac1, a dominant-negative form of OsRac1 (DN-
OsRac1), and CA-OsRac1 interacted with Orin1 (Figure 1D).
DN-OsRac1 is thought to possess a reduced nucleotide-binding
activity and, therefore, to display an increased affinity for guanine
nucleotide exchange factors (GEFs), which are activators of
small GTPases. Thismutant protein apparently competes in cells
with endogenous OsRac1 for binding to its GEFs and, conse-
quently, acts as a dominant-negative mutant. The binding affinity
of DN-OsRac1 was the lowest of the three mutants.
We do not yet know whether Orins function as R proteins in
planta. To gain a deeper understanding of the relationship
between OsRac1 and NLR family R proteins, we decided to
identify known NLR family R proteins that interact with OsRac1
using in vitro binding assays. Pit, Pib, Pi9, and Pi-ta are rice blast
resistance proteins (Hayashi and Yoshida, 2009; Orbach et al.,
2000; Qu et al., 2006; Wang et al., 1999), and Xa1 is a rice bacte-
rial blight resistance protein (Yoshimura et al., 1998). OsRac1
interacted with the NB-ARC domain of Pit, Pib, Pi9, and Xa1,
but not of Pi-ta (Figure 1E). NLR family R proteins exhibit varied
interactions with NF-OsRac1 in vitro (Figures 1A and 1E). In
subsequent experiments, we focused on Pit because its binding
affinity for OsRac1 was the highest among the R proteins tested
(data not shown).
Localization and Interaction of Pit and OsRac1
We examined the subcellular distribution of Pit in rice proto-
plasts using fluorescent proteins. Rice protoplasts were co-
transfected with a fluorescent construct, Pit WT-Venus, and
the control fluorescent protein mCherry, and fluorescence in
the protoplasts was observed under a microscope. Pit WT-
Venus accumulated predominantly at the plasma membrane,Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inc. 363
Figure 1. Interaction between OsRac1 and NLR Family Proteins
(A) Direct interaction between OsRac1 and Orin1 in an in vitro binding assay. Bound His-Orin1 and the input were detected by anti-His antibody (top). The
membrane was stained with CBB after protein transfer (bottom).
(B) Schematic representation of the Orin1 deletion mutants.
(C) Identification of the OsRac1-binding region of Orin1 by a yeast two-hybrid assay. Yeast growth on selective plates without Histidine (His []) indicates a posi-
tive interaction.
(D) Interaction between OsRac1 mutants and Orin1 by a yeast two-hybrid assay. The NB-ARC domains of Orin1 and OsRac1 mutants were tested.
(E) Direct interactions between OsRac1 and rice NLR family R proteins in vitro. The bound His-R proteins were detected by anti-His antibody.
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and the nucleus (Figure 2A). Similarly, the Arabidopsis NLR
family R proteins RPM1 and RPS2 are reported to be localized
at the plasma membrane (Axtell and Staskawicz, 2003; Boyes
et al., 1998). A small proportion of Pit WT-Venus was localized
in the cytoplasm. The fluorescent tag did not interfere with Pit
activity because Pit WT-GFP was able to efficiently induce364 Cell Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier InROS production and HR, as discussed below (see Figures 4A
and S2A). Next, we compared the localization of Pit WT-Ceru-
lean and the plasma membrane protein OsFLS2, which is a rice
ortholog of AtFLS2 and acts as a PAMP receptor (Takai et al.,
2008). OsFLS2-GFP clearly localized at the plasma membrane
in rice protoplasts (Figure 2B). Pit WT-Cerulean colocalized
with OsFLS2-GFP at the plasma membrane in rice protoplastsc.
Figure 2. OsRac1 Interacts with Pit at the Plasma Membrane
(A) Localization of Pit in rice protoplasts. Rice protoplasts were cotransfected with the fluorescent construct Pit WT-Venus (green) and the control fluorescent
protein mCherry (pink), and fluorescence in the protoplasts was observed under a microscope. Enlarged images of the representative boxed area are shown
in the lower panels. N, Cyt, and PM indicate nucleus, cytoplasm, and plasma membrane, respectively.
(B) Localization of OsFLS2 in rice protoplasts.
(C) Colocalization of Pit and OsFLS2. Enlarged images of the representative boxed area are shown in the lower panels.
(D) Localization of OsRac1 mutant proteins in rice protoplasts.
(E) BiFC analysis of the interaction between OsRac1 and Pit in rice protoplasts. Venus fluorescence indicates an interaction between OsRac1 and Pit.
(F) Immunoprecipitation analysis of the interaction between OsRac1 and Pit in planta. The immunoprecipitates were analyzed by immunoblotting with anti-Myc
(for OsRac1) and anti-HA (for Pit) antibodies.
Scale bars, 5 mm.
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Figure 3. OsRac1 Contributes to Pit-Medi-
ated Disease Resistance in Rice
(A) Transcript levels of OsRac1 and Pit were
measured by RT-PCR in OsRac1 RNAi plants.
Numbers 1 to 3 indicate independent RNAi trans-
genic lines. Ubq was used as an internal control.
(B) Response of OsRac1 RNAi plants to infection
with the incompatible M. grisea race 007.0. The
photograph was taken at 12 dpi.
(C) Quantitative analysis of lesions induced by the
blast fungus was performed at 6 dpi.
(D) Growth ofM. grisea in susceptible rice cultivars.
NB, KH, and KM indicate rice cultivars Nippon-
bare, Koshihikari, and Kinmaze, respectively.
(E) Growth of M. grisea in OsRac1 RNAi plants.
Error bars indicate SE. Double asterisks indicate
a significant difference from the control vector
(p < 0.01).
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and CA-OsRac1. The three OsRac1 proteins fused with cyan
fluorescent protein (CFP) clearly localized at the plasma
membrane, as reported previously (Ono et al., 2001)
(Figure 2D). We attempted to assess the in vivo interaction
between OsRac1 and Pit using a bimolecular fluorescence
complementation (BiFC) assay. When CA-OsRac1 tagged
with the N-terminal domain (aa 1–154) of Venus (Vn-CA-
OsRac1) and Pit tagged with the C-terminal domain
(aa 155–238) (Pit WT-Vc) were coexpressed in rice protoplasts,
Venus fluorescence was detected at the plasma membrane
(Figure 2E). Similar results were obtained with Vn-WT- and
Vn-DN-OsRac1, although the fluorescence intensity of Vn-
DN-OsRac1 was the lowest of the three proteins. We were
unable to detect significant fluorescence in cells transfected
with OsFLS2-Vn and Pit WT-Vc. The expression levels of
OsFLS2-Vn and Vn-OsRac1 mutants were similar in BiFC assay
(Figure S2B). We further confirmed the interaction between
OsRac1 and Pit in an immunoprecipitation assay using agroin-
filtration of Nicotiana benthamiana leaves (Figure 2F). When366 Cell Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inc.HA-tagged Pit WT was immunoprecipi-
tated using an anti-HA antibody, Myc-
tagged WT-, DN-, and CA-OsRac1
were detected in the precipitates by an
anti-myc antibody. Taken together,
these results indicated that Pit interacts




To examine the involvement of OsRac1
in Pit-mediated disease resistance, we
chose the japonica rice cultivar K59,
which carries the Pit resistance gene,
and the rice blast fungus Magnaporthe
grisea race 007.0 because a gene-for-
gene relationship has been established
between Pit and M. grisea race 007.0
(Hayashi and Yoshida, 2009). We usedRNA interference (RNAi) to inhibit OsRac1 expression in K59.
OsRac1 expression was greatly reduced at the mRNA level
in three independent OsRac1 RNAi lines, whereas the expres-
sion of Pit in the same lines was comparable with that in the
wild-type (Figure 3A). A typical HR accompanied by cell death
was observed in the control transgenic line, however, and all
three OsRac1 RNAi plants developed larger lesions as
compared with the vector (Figures 3B and 3C). The lesion
lengths by M. grisea race 007.0 in susceptible rice cultivars
such as Nipponbare (NB), Koshihikari (KH), and Kinmaze
(KM) were much longer than that in OsRac1 RNAi K59
(Figure 3D). To accurately measure fungal growth in OsRac1
RNAi plants, we used DNA-based real-time PCR to quantify
M. grisea with two sets of specific primers against M. grisea
Pot2 and rice ubiquitin (Figure 3E). For DNA samples from
the infected rice tissues, the real-time PCR analysis showed
that the infection ratio [MgPot2/(Osubiquitin 3 100)] in OsRac1
RNAi plants was higher than that in the vector at 6 days
after inoculation (dpi), indicating that the fungal growth is
enhanced in OsRac1 RNAi plants. Taken together, these
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resistance to rice blast fungus.
Involvement of Pit in HR Induction and ROS Production
We examined the effects of transient expression of Pit and Os-
Rac1 on both the HR and ROS production using agroinfiltration
of N. benthamiana leaves. There were no obvious effects in
leaves expressing Pit WT (Figure 4A). The functional importance
of the NB-ARC domain in R proteins is exemplified by the finding
that numerous mutations result in either the loss of function or
the autoactivation of R proteins (Rairdan et al., 2008). An aspar-
tate to valine substitution within the MHD motif in the NB-ARC
domain of the potato R protein Rx results in autoactivation
upon transient expression in N. benthamiana leaves (Bendah-
mane et al., 2002). We introduced this MHD mutation into Pit
(Pit D485V) and tested its effect in agroinfiltratedN. benthamiana
leaves (Figures 4A and 4D). By 10 dpi, Pit D485V clearly
produced an HR in the absence of pathogen or pathogen
effector. About 24 hr after agoinfiltration, the injected leaves
showed early symptoms, and a clear HR was visible at 2 dpi
(data not shown). A loss-of-function mutation of a conserved
Lys (K207) in the P loop of the tomato R protein I-2 reduces
the protein’s nucleotide-binding activity and thereby eliminates
this pathogen effector-independent HR (Tameling et al., 2002).
We introduced the same mutation into the P loop of Pit D485V
(Pit K203R D485V) and found that Pit K203R D485V failed to
induce HR (Figures 4A and 4D). Previously, we have reported
that the expression of CA-OsRac1 induces cell death in rice
(Kawasaki et al., 1999). Consistent with this result, the transient
expression of CA-OsRac1 induced HR in N. benthamiana
(Figure 4A). This effect was weaker than that of Pit D485V; a clear
HR was hardly detectable in plants expressing CA-OsRac1 at 4
dpi, whereas plants expressing Pit D485V showed a clear HR at
that stage (Figure 4A). On the other hand, DN-OsRac1 produced
no detectable effects (Figure 4A).
Based on genetic analyses, NADPH oxidases are the major
enzymes responsible for the oxidative burst after successful
pathogen recognition by R proteins (Lamb and Dixon, 1997;
Torres et al., 2002). We have previously demonstrated that
a direct interaction between the active form of OsRac1 and
the N-terminal region of NADPH oxidase enhances NADPH
oxidase activity and thereby induces ROS production in
N. benthamiana (Wong et al., 2007) (Figure 4B). To detect
ROS production, we stained the infiltrated leaves of N. ben-
thamiana with 3,30-diaminobenzidine (DAB). The transient
expression of Pit D485V markedly promoted ROS production,
whereas the K203R mutation in Pit D485V prevented this effect
(Figure 4B). The transient expression of Pit WT caused no
detectable effects. This difference cannot be explained by
different expression levels because we checked the expression
levels of Myc-tagged Pit mutants in the leaves of N. benthami-
ana and found that the expression level of the most active
mutant, Pit D485V, was the lowest among the Pit mutants
tested (Figure 4C). Myc-tagged Pit mutants appear to be func-
tional because Pit D485V-Myc was able to induce ROS
production and HR (Figure S3A). The effect of Pit D485V on
ROS production was slightly stronger than that of CA-OsRac1
(Figure 4B). It is possible that ROS are produced only in leaves
in which cell death is induced. However, because we could notCelldetect ROS production in the methanol injected leaf
(Figure S3B), it is therefore likely that cell death does not always
correlate with ROS production. Taken together, these results
indicate that Pit is involved in HR and ROS production and
that the nucleotide-binding activity of Pit is indispensable for
its function.
Induction of HR and ROS Production by Pit Is Dependent
on OsRac1
We tested whether the expression of DN-OsRac1 affects Pit
D485V-induced ROS production. The transient expression of
Pit D485V significantly promoted ROS production in N. ben-
thamiana, and this effect was reduced by the coexpression of
DN-OsRac1 (Figure 5A). Statistical analysis also revealed that
DN-OsRac1 suppressed Pit D485V-induced ROS production
(Figure 5B). We next examined the expression of DN-OsRac1
on Pit D485V-induced HR. Consistent with the results for ROS
production, Pit D485V-induced HR was also reduced by the
coexpression of DN-OsRac1 (Figure 5D). The expression levels
of Pit D485V in the presence and absence of DN-OsRac1 were
similar (Figure 5C). These results suggest that OsRac1 acts
downstream of Pit in the signaling pathways leading to Pit-medi-
ated HR and ROS production.
Activation of Pit Increases Its Binding Affinity
for OsRac1
To examine whether the activation of Pit affects its binding to Os-
Rac1, we performed an immunoprecipitation assay. When CA-
OsRac1 was coexpressed with Pit D485V in N. benthamiana
leaves; however, the level of Pit D485V was dramatically lower
than that in the sample in which it was coexpressed with GUS
(data not shown). Because both Pit D485V and CA-OsRac1
induce cell death, cell death may affect the stability of Pit
D485V. We therefore used human fibroblast HEK293 cells, in
which the expression levels of all of the Pit mutants were the
same, to compare directly the affinity of Pit mutants for OsRac1
mutants (Figure 5E).WhenGFP-WT-, DN-, andCA-OsRac1were
immunoprecipitated using an anti-GFP antibody, Pit WT and Pit
D485V were detected with an anti-V5 antibody in all three of the
OsRac1 precipitates (Figure 5E). Of interest, the binding affinity
of Pit D485V for OsRac1 was higher than that of Pit WT, whereas
the K203R mutation in Pit D485V strongly decreased its binding
activity. Syntaxin1 has a transmembrane domain and is known to
be a component of the SNARE complex (Su¨dhof and Rothman,
2009). We were unable to detect an interaction between OsRac1
and Syntaxin1 under these conditions (Figure S4G). We also
found that the single amino acid mutant, Pit K203R, displayed
a lower binding affinity to OsRac1 than did Pit WT, suggesting
that the ATP-binding activity of Pit is required for the interaction
to OsRac1 (Figures 2E and S2C–S2E). Based on these results, it
appeared that the activation of Pit increases its binding affinity
for OsRac1.
Activation of OsRac1 by Pit in Rice Protoplasts
Having found that Pit interacts with OsRac1 at the plasma
membrane in rice protoplasts and that the active form of Pit
induces both the HR and ROS production in an OsRac1-
dependent manner, thereby regulating disease resistance in
rice, we hypothesized that Pit might activate OsRac1. ToHost & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inc. 367
Figure 4. Pit Induces HR as well as ROS
Production
(A) HR phenotypes of N. benthamiana leave
expressing various constructs of OsRac1 and
Pit, as indicated. Leaves were photographed at 4
or 10 dpi. The infiltrated areas are shown at higher
magnification in the bottom panels.
(B) ROS production in N. benthamiana leaves ex-
pressing mutant Pit and OsRac1 genes. ROS
production was detected by DAB staining at 3 dpi.
(C) Detection of Pit and OsRac1 proteins by immu-
noblot analysis. The extracts were immunoblotted
with anti-Myc (for Pit) and anti-HA (for OsRac1)
antibodies.
(D) Schematic representation of Pit mutants.
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Figure 5. Pit Induces HR and ROS through OsRac1 in N. benthamiana
(A and B) Effect of DN-OsRac1 on Pit D485V-induced ROS production. Bars in (B) indicate the DAB staining intensity relative to that observed after infiltration with
Pit D485V. Double asterisk indicates a significant difference (p < 0.01). Error bars indicate SE (n = 13).
(C) Protein levels of Pit and OsRac1. The extracts were immunoblotted with anti-Myc (for Pit), anti-HA (for OsRac1), and anti-GFP antibodies.
(D) Effect of DN-OsRac1 on the PitD485V-induced HR.
(E) Interactions between OsRac1 and Pit mutant proteins in human HEK293 fibroblasts. The immunoprecipitates were analyzed by immunoblotting with anti-GFP
(for OsRac1) and anti-V5 (for Pit) antibodies.
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tion of OsRac1 by Pit in vivo. We employed an intramolecular
FRET system called Raichu (Ras and interacting proteinCellchimeric unit), originally developed to study the activation of
various small GTPases, including Rac1, in mammalian cells
(Itoh et al., 2002; Mochizuki et al., 2001). Raichu and itsHost & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inc. 369
Figure 6. Development of Raichu-OsRac1
FRET Sensor
(A) Schematic representation of Raichu-OsRac1
bound to GDP or GTP.
(B) Binding specificity of the CRIB domain of the
p21Cdc42/Rac-activated kinase for OsRac1 in
an in vitro binding assay.
(C) Emission ratio images of confocal laser-scan-
ning micrographs of rice protoplasts expressing
the Raichu-OsRac1 constructs. The color scale
from blue to red represents low to high levels of
OsRac1 activation. Scale bars, 5 mm.
(D) Normalized emission ratios of YFP and CFP.
YFP and CFP fluorescence was measured in
more than 30 cells, and a statistical analysis was
performed with Student’s t test. Double asterisks
indicate a significant difference from the data for
WT-OsRac1 (p < 0.01). Error bars indicate SE.
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of small GTPases. We hypothesized that intramolecular
binding of the active GTP-OsRac1 to CRIB would bring CFP
closer to YFP, enabling FRET from CFP to YFP to occur
(Figure 6A). The resulting YFP fluorescence would provide an
estimate of the activation state of OsRac1 in vivo, with low
and high ratios of YFP/CFP fluorescence corresponding to
low and high levels of OsRac1 activation, respectively.
We first examined the binding specificity of CRIB for OsRac1.
CRIB specifically bound to the active CA-OsRac1, but not to the
inactive DN-OsRac1, in an in vitro binding assay (Figure 6B), indi-
cating that the interaction between CRIB and OsRac1 occurs
only when OsRac1 is activated. To examine whether the activa-
tion of OsRac1 increased FRET efficiency in vivo, we prepared
Raichu-OsRac1 mutants and transfected them into rice proto-
plasts. The ratios of YFP/CFP fluorescence for Raichu-CA-Os-
Rac1 were higher than those for Raichu-WT-OsRac1 and Rai-370 Cell Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inc.chu-DN-OsRac1 (Figures 6C and 6D).
The results demonstrated that the ratios
of YFP/CFP fluorescence for Raichu-Os-
Rac1 reflect the activation state of
OsRac1 in rice protoplasts. Next, we
examined whether Pit induces the activa-
tion of OsRac1 in vivo by using the Rai-
chu-WT-OsRac1 construct. The FRET
efficiency was low in cells transfected
with empty vector, Pit WT, and Pit
K203R D485V but high in cells trans-
fected with Pit D485V (Figures 7A and
7B). Because signals were detected
mainly at the plasma membrane, our
results indicated that Pit D485V activates
OsRac1 at the plasma membrane in rice
protoplasts.
DISCUSSION
In this study, we found that OsRac1 forms
a complex with Pit and contributes to the
HR and to ROS production as suggestedby the model shown in Figure 7D. The active form of Pit activates
OsRac1, and this activation seems to be critical for induction of
both the HR and ROS production in rice.
Relationship between OsRac1 and Other R Proteins
We have recently found that OsRac1 is required for Pi-a-medi-
ated defense responses (Chen et al., 2010b). Pi-a is one of the
resistance genes to the blast fungus. Moreover, another group
has overexpressed DN-OsRac1 in transgenic tobacco carrying
the N resistance gene and tested its effects (Moeder et al.,
2005). DN-OsRac1 suppressed the synchronous HR and ROS
production triggered by N as well as Pto resistance genes. We
showed here that Orin1-induced HR and ROS production were
suppressed by DN-OsRac1 (Figures S4A–S4E). In addition, the
expression of Orin1 triggered OsRac1 activation in rice proto-
plasts (Figure S4F). These findings lend support to our idea
that OsRac1, or an ortholog of OsRac1, is involved not only in
Figure 7. Pit Induces OsRac1 Activation in Rice Protoplasts
(A) Emission ratio images of confocal laser-scanning micrographs of rice protoplasts expressing Raichu-OsRac1 and Pit. Scale bars, 5 mm.
(B) Normalized emission ratios of YFP and CFP. Double asterisks indicate a significant difference from the results using the control vector (p < 0.01). Error bars
indicate SE.
(C) Alignment of Pit and DH-PH family GEFs. This alignment has been produced automatically by the SMART alignment (http://smart.embl-heidelberg.de/).
Explanation of color codes is available at http://smart.embl-heidelberg.de/help/chroma.shtml.
(D) Model of OsRac1 function in Pit-mediated disease resistance.
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resistance. Unfortunately, because the japonica rice cultivar
K59 does not have Pib, Pi9, Pi-ta, or Xa1, we are unable to test
the effects of OsRac1 RNAi on these R genes using cv. K59.
Interaction between OsRac1 and Pit
At their N termini, most NLR family proteins carry either the
coiled-coil (CC) domain (CC-NB-LRR; CNL) or a domain that
has homology to the Toll/interleukin-1 receptor (TIR) domain
(TIR-NB-LRR; TNL). Studies of deletion mutations in various R
proteins suggest that the NB-ARC domain is essential for R
protein functions (Lukasik and Takken, 2009; Takken et al.,
2006). Based on studies on the potato virus X resistance protein
Rx, the NB-ARCdomain functions as amolecular switch in which
the ADP-bound and ATP-bound forms represent the ‘‘off’’ and
‘‘on’’ states, respectively (Lukasik and Takken, 2009). Recogni-
tion of a pathogen effector releases the autoinhibition conferred
by the N-terminal part of the LRR. In this activated conformation,
the NB-ARC domain may bind and activate downstream
signaling components. Thus, the NB-ARC domain of R proteins
potentially serves as a platform for mediating downstream signal
transduction events (Lukasik and Takken, 2009; Takken et al.,
2006). Here, we found that OsRac1 interacted with the NB-
ARC domain of R proteins that confer resistance to rice blast
fungus or rice bacterial blight. The correlation between the
binding affinity of Pit for OsRac1 and the biological activity of
Pit, which is modulated by mutations in its NB-ARC domain
(Figures 4, 5, 7, and S2), is consistent with this model of NB-
ARC function. It appears that the NB-ARC domain, rather than
the N-terminal CC/TIR domain, serves as an interface to trans-
duce the activation signal to OsRac1.
The weakness of the HR induced by CA-OsRac1 compared
with that induced by Pit D485V (Figures 4A and 7D) suggests
the possible existence of another pathway(s) connecting R
proteins to the HR. Two proteins have so far been reported to
interact specifically with NB-ARC domains: the HRT interactor
CRT1 (compromises recognition of turnip crinkle virus [TCV] 1)
and RIN13 (RPMI-interacting protein 13) (Al-Daoude et al.,
2005; Kang et al., 2008). RIN13 is a positive regulator of
RPM1-mediated resistance, although its specific function is
unknown (Al-Daoude et al., 2005), whereas CRT1 binds multiple
plant NLR family proteins and is predominantly localized in the
Golgi complex (Kang et al., 2008). Mutation or silencing of
CRT1 confers TCV susceptibility in conjunction with an altered,
HR-like response to the TCV elicitor. However, it is unlikely that
CRT1 is a signaling molecule downstream of R proteins
(Monaghan and Li, 2008). Because CRT1 is a member of the
GHKL (gyrase, Hsp90, histidine kinase, MutL) ATPase/kinase
superfamily and is distantly related to the cochaperone Hsp90
(Kang et al., 2008), it may behave as another cochaperone in R
protein complexes. Alternatively, as suggested by its residency
in the Golgi complex, CRT1 could be involved in protein modifi-
cations to further stabilize or prepare R proteins for activation.
Further studies are necessary to understand how these NB-ARC
interactors are involved in R protein signaling.
How Does Pit Activate OsRac1?
In this work, in vivo FRET experiments indicated that the active
form of Pit induced the activation of OsRac1 at the plasma372 Cell Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inmembrane in rice protoplasts (Figure 7). We do not yet know
whether Pit directly activates OsRac1. GEFs are believed to be
the most important regulatory proteins in the activation of small
GTPases. GEFs facilitate the release of GDP from small
GTPases, thereby promoting the binding of GTP (Bos et al.,
2007). Pit lacks a GEF domain, but its CC-NB region shows
detectable sequence similarity to the Dbl homology (DH)
domains of Dbl homology-associated pleckstrin homology
(DH-PH) family GEFs (Figure 7C). Because it is difficult to purify
an intact recombinant Pit protein, we are presently unable to
assess any GEF activity of Pit in vitro. Alternatively, Pit may func-
tion as a cofactor or an activator of a GEF for OsRac1; in this
context, we have recently identified a plant-specific Rop nucle-
otide exchanger (PRONE)-type Rac GEF by yeast two-hybrid
screening and found that it induces OsRac1 activation in vitro
and in vivo (A.A. et al., unpublished data). Whether Pit partici-
pates in the activation of this OsRac1 GEF will be the subject
of future studies.
How Does Pit Regulate Immune Responses through
OsRac1?
The production of ROS via consumption of oxygen in the so-
called oxidative burst is one of the earliest cellular responses
following successful pathogen recognition (Torres and Dangl,
2005). In the plant cell, ROS can directly cause strengthening
of host cell walls via crosslinking of glycoproteins or lipid perox-
idation and membrane damage. However, it is also evident that
ROS are important signals mediating defense gene activation.
Additional regulatory functions for ROS in defense occur in
conjunction with other plant signaling molecules, particularly
with salicylic acid (SA) and nitric oxide (NO). NADPH oxidases
appear to be required for the oxidative burst after pathogen
recognition by R proteins (Torres and Dangl, 2005). Rac/Rop
family proteins directly interact with and regulate NADPH
oxidases during PTI and root hair development (Jones et al.,
2007; Ono et al., 2001; Wong et al., 2007) and may thus be major
regulators of NADPH oxidase activities (Lee and Yang, 2008).
DN-OsRac1 suppresses both Pit- and N-induced ROS produc-
tion (Figure 5) (Moeder et al., 2005), suggesting that OsRac1
contributes to the oxidative burst after pathogen recognition.
Experiments with the FRET sensor construct Raichu-OsRac1 re-
vealed that Pit interacts with and activates OsRac1 at the plasma
membrane, where NADPH oxidases are located (Figure 7A).
Therefore, it seems likely that OsRac1 acts as a signal trans-
ducer from Pit to NADPH oxidase at the plasma membrane
during oxidative burst. Using atrbohD and atrbohF mutants,
Torres et al. (2002) have shown that NADPH oxidases may be
important for RPM1-mediated apoplastic ROS but may not be
important for resistance to Peronospora, at least to these patho-
gens in Arabidopsis. Further studies are necessary to under-
stand the relationship of R protein, NADPH oxidase, and disease
resistance.
NLR family proteins function as immune sensors in plants and
animals, interacting with (co-)chaperones containing HSP90 and
SGT1 to form a complex. These interactions are required for the
stability of R proteins in plants and for the activation of NLR
proteins in animals (da Silva Correia et al., 2007; Mayor et al.,
2007; Shirasu, 2009). Therefore, at least some components of
the regulatory networks for immune responses in plants andc.
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OsRac1 forms a complex termed defensome with Hsp90,
SGT1, and RAR1 through Hop/Sti1 and the scaffolding protein
RACK1 (Chen et al., 2010a; Nakashima et al., 2008; Thao
et al., 2007). These findings further support the involvement of
OsRac1 in R protein-mediated resistance. In addition, it has
been reported previously that human Rac1 associates with the
NLR family protein Nod2, which plays key roles in pathogen
defense through sensing bacteria and generating an inflamma-
tory immune response, although the specific role of Rac1 in
Nod2-dependent immune responses is largely unknown at
present (Legrand-Poels et al., 2007). A better understanding of
the molecular roles of immune complexes containing NLR family
proteins, Rac1, and (co-)chaperones is becoming increasingly
important for the study of innate immunity in both plants and
animals.EXPERIMENTAL PROCEDURES
Plasmid Constructs
The cDNAs of Pib, Pi9, and Xa1 were kindly provided by Drs. Yano (NIAS),
Wang (Ohio State University), and Sasaki (NIAS), respectively (Qu et al.,
2006; Wang et al., 1999; Yoshimura et al., 1998). The pANDA-OsRac1 vector
was described previously (Miki et al., 2005).Protein Preparation
GST fusion proteins were expressed in E. coli (DE3) and purified according to
the manufacturer’s protocol (Kawano et al., 1999; Kawano et al., 2005). A
nucleotide-free form of purified GST-ORac1 was incubated at 30C for 60
min in a buffer A (20 mM Tris/HCl [pH 7.5], 10 mM EDTA, 5 mM MgCl2, and
1 mM DTT) that contained 100 mM GDP or GTPgS. This binding reaction
was stopped by the addition of MgCl2 to a final concentration of 25 mM.
E. coli (DE3) expressing His fusion proteins were grown at 37C to an OD600
of 1.0 and then cooled to 25C. After an addition of isopropyl-b-D(-)-thiogalac-
topyranoside to a concentration of 1 mM, the cells were incubated at 25C for
4 hr. After centrifugation, the pellets of E. coliwere sonicated in a homogeniza-
tion buffer (50 mM Tris/HCl [pH 7.5], 1 mM EDTA, 0.1% NP-40, 5 mM MgCl2,
150 mM NaCl, and 1 mM DTT) and then centrifuged at 20,000 3 g for 30 min.
The concentration of the supernatant His fusion proteins was estimated by
immunoblotting using anti-His antibody and adjusted to 1 mM with a homoge-
nization buffer.In Vitro Binding Assay
GST fusion proteins (500 pmol) were immobilized on glutathione Sepharose
4B. The Sepharose-immobilized proteins were incubated with 500 ml of E.
coli lysates containing 1 mM His proteins for 1 hr at 4C. The beads were
then washed four times with a buffer B (50 mM Tris/HCl [pH 7.5], 1 mM
EDTA, 0.1% NP-40, 5 mM MgCl2, and 1 mM DTT) that contained 150 mM
NaCl, and the bound proteins were eluted with sample buffer for SDS-
PAGE. The CRIB-binding assay was performed as described previously
(Sander et al., 1998).Yeast Two-Hybrid Assay
Baits containing various fragments of Orin1 were made using the pBTM116
vector. The prey was produced by cloning OsRac1 mutants into the pVP16
vector (Kawasaki et al., 2006).Subcellular Localization
Protoplast isolation from rice Oc suspension cultures and protoplast transfor-
mations were performed as described previously (Chen et al., 2010a). After
incubation for 12–18 hr at 30C, the protoplasts were examined with a Leica
TCS-SP5 microscope.CellBimolecular Fluorescence Complementation
Pit, OsRac1, and OsFLS2 were cloned into BiFC vectors and introduced into
rice protoplasts as described previously (Kakita et al., 2007; Chen et al.,
2010a).Plant Cultivation and Pathogen Infection
The japonica rice cultivar K59, carrying the blast resistance gene Pit, and the
M. grisea strain Ina86-137 (Race 007.0) were described previously (Hayashi
and Yoshida, 2009). Growth of the blast fungus and punch infections of leaf
blades were performed as described previously (Ono et al., 2001). Lesion
length was measured 6 days after inoculation, and photographs of disease
lesions were taken 12 days after inoculation.Agroinfiltration into N. benthamiana Leaves and Detection of ROS
Agroinfiltration of N. benthamiana and DAB staining were performed as
described previously (Wong et al., 2007) (see also Figure S2A). In some exper-
iments, we used the p19 silencing suppressor to enhance gene expression
(Voinnet et al., 2003).Immunoprecipitation Assays
Myc-OsRac1mutants were cotransfected with Pit-HA using agroinfiltration of
N. benthamiana leaves. Infiltrated leaves were homogenized with a lysis buffer
C (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 5 mM MgCl2, 1% NP-40 [pH
7.5], protease inhibitor cocktail [Roche: complete, EDTA-free], and 100 mM
MG-132 [Calbiochem, Frankfurter, Germany]), and the extracts were cleared
by centrifugation at 20,000 3 g for 20 min at 4C. The supernatants were
incubated with anti-HA antibody for 2 hr at 4C. The immunocomplexes
were precipitated with Dynabeads Protein G (Invitrogen). After washing with
a lysis buffer C, the immunocomplexes were eluted by boiling in sample buffer
for SDS-PAGE and then subjected to immunoblot analysis with the indicated
antibodies. The immunoprecipitation assay by using HEK293 cells was per-
formed as described previously (Kawano et al., 2005) (see also Figure S4G).RT-PCR
PCR reactions were performed with specific primer sets for OsRac1 (50-AGA
TAGGGCCTATCTTGCTGATCATC and 50-ACAAGCGCTTCCGCAAAAGT),
Pit (50-CTGCACTTTGAATACCATTGGC and 50-GGAGAATTTCCAATCTCTG
TAATCTAA), and ubiquitin (50-CCAGGACAAGATGATCTGCC and 50-AAGA
AGCTGAAGCATCCAGC).DNA-Based Real-Time PCR
To detect M. grisea and rice DNAs, two sets of specific primers against
M. grisea Pot2 (50- ACGACCCGTCTTTACTTATTTGG and 50-AAGTAG
CGTTGGTTTTGTTGGAT) and rice ubiquitin (50-AACCAGCTGAGGCCCAAGA
and 50-ACGATTGATTTAACCAGTCCATGA) were used for real-time PCR (Ber-
ruyer et al., 2006). The sequence used for quantifying rice DNA is a single-copy
sequence from the rice ubiquitin gene. The Pot2 transposon sequence used to
quantify the fungus has100 copies in theM. grisea genome. An infection ratio
(N:MgPot2/[N:Osubiquitin 3 100]) was calculated from the determined
number of target sequences of MgPot2 and Osubiquitin in each sample. An
infection ratio that represents the relative number of fungus cells per plant
cell is calculated. Each data point represents the average and standard error
of eight DNA samples taken from 48 infected areas (similar to those shown
in Figure 3B) at 6 dpi.FRET Analysis
To make the Richu-OsRac1 construct, two localization signal sequences, the
posttranslational modification site with a farnesyl moiety and the polybasic
region of human Ki-Ras, were replaced by those of OsRac1 (Wong et al.,
2007) in the original Raichu-HsRac1 vector (Itoh et al., 2002). Rice protoplasts
were transfected with Raichu-OsRac1 by electroporation (Wong et al., 2007)
(see also Figure S4F). Background fluorescence was subtracted, fluorescence
bleedthrough was normalized, and FRET efficiency was calculated according
to published procedures (Sorkin et al., 2000).Host & Microbe 7, 362–375, May 20, 2010 ª2010 Elsevier Inc. 373
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